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Neutrinos are key to probing the deep structure of matter and the high-energy Universe. Yet, until
recently, their interactions had only been measured at laboratory energies up to about 350 GeV.
An opportunity to measure their interactions at higher energies opened up with the detection of
high-energy neutrinos in IceCube, partially of astrophysical origin. Scattering off matter inside the
Earth affects the distribution of their arrival directions — from this, we extract the neutrino-nucleon
cross section at energies from 18 TeV to 2 PeV, in four energy bins, in spite of uncertainties in the
neutrino flux. Using six years of public IceCube High-Energy Starting Events, we explicitly show
for the first time that the energy dependence of the cross section above 18 TeV agrees with the
predicted softer-than-linear dependence, and reaffirm the absence of new physics that would make
the cross section rise sharply, up to a center-of-mass energy
√
s ≈ 1 TeV.
Introduction.— Neutrino interactions, though fee-
ble, are important for particle physics and astrophysics.
They provide precise tests of the Standard Model [1–3],
probes of new physics [4–6], and windows to otherwise
veiled regions of the Universe. Yet, at neutrino energies
above 350 GeV there had been no measurement of their
interactions. This changed recently when the IceCube
Collaboration found that the neutrino-nucleon cross sec-
tion from 6.3 to 980 TeV agrees with predictions [7].
Because there is no artificial neutrino beam at a TeV
and above, IceCube used atmospheric and astrophysi-
cal neutrinos, the latter discovered by them up to a few
PeV [26, 31–38]. Refs. [4, 6, 39–42] showed that, because
IceCube neutrinos interact significantly with matter in-
side Earth, their distribution in energy and arrival di-
rection carries information about neutrino-nucleon cross
sections, which, like IceCube [7], we extract.
However, Ref. [7] extracted the cross section in a sin-
gle, wide energy bin, so its energy dependence in that
range remains untested. A significant deviation from the
predicted softer-than-linear dependence could signal the
presence of new physics, so we extract the cross section
in intervals from 18 TeV to 2 PeV. While Ref. [7] used
only events born outside of IceCube we use instead only
events born inside of it, which leads to a better handle
on the neutrino energy.
Figure 1 shows that the cross section that we extract is
compatible with the standard prediction. There is no in-
dication of the sharp rise, at least below 1 PeV, predicted
by some models of new physics [6, 43–51].
Neutrino-nucleon cross section.— Above a few
GeV, neutrino-nucleon interactions are typically deep in-
elastic scatterings (DIS), where the neutrino scatters off
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FIG. 1. Charged-current inclusive neutrino-nucleon cross sec-
tion measurements [8–25]. The new results from this work,
based on 6 years of IceCube HESE showers [26–29], are an
average between cross sections for ν and ν¯, assuming equal
astrophysical fluxes of each. In the highest-energy bin, we
only set a lower limit (1σ shown). The thick dashed curve is
a standard prediction of deep inelastic scattering (DIS), aver-
aged between ν and ν¯. Horizontal thin dashed lines are global
averages from Ref. [30], which do not include the new results.
one of the constituent partons of the nucleon — a quark
or a gluon. In both the charged-current (CC,
( )
ν l +N →
l∓+X) and neutral-current (NC, ( )ν l+N → ( )ν l+X) forms
of this interaction, the nucleon N is broken up into par-
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FIG. 2. Neutrino-induced showers from the IceCube 6-year
HESE [26–29] sample. Neutrinos arrive from above (cos θz >
0); from below, through the Earth (cos θz < 0); and horizon-
tally (cos θz = 0). They travel a distance D inside the Earth
(of radius R⊕ = 6371 km) to IceCube, buried at a depth of
1.5 km. The background shading represents the fraction of
isotropic neutrino flux that survives after being attenuated
by νN interactions inside the Earth, calculated using cross
sections predicted in Ref. [59].
tons that hadronize into a final state X. The final-state
hadrons carry a fraction y — the inelasticity — of the ini-
tial neutrino energy, while the final-state lepton carries
the remaining fraction (1− y).
Calculation of the cross section σνN requires knowing
the parton distribution functions (PDFs) in the nucleon.
PDFs depend on two kinematic variables: Q2 ≡ −q2,
the four-momentum transferred to the mediating W or Z
boson, and the Bjorken scaling x, the fraction of nucleon
momentum carried by the interacting parton [52]
To compute cross sections at neutrino energies Eν be-
tween TeV and PeV, we need PDFs evaluated at x &
mW /Eν ∼ 10−4. Because these are known — at low
x, from ep collisions in HERA [53, 54] — the uncer-
tainty in the predicted TeV–PeV cross sections is small.
Refs. [4, 55–65] have performed such calculations, some
of which are shown in Fig. 3. Below ∼10 TeV, they yield
σνN ∝ Eν , revelatory of hard scattering off partons,
and in agreement with data. Above ∼10 TeV, where
Q2 ∼ m2W , they yield a softer-than-linear energy depen-
dence, which has only been glimpsed in the available data
up to 350 GeV [1–3].
Detecting high-energy neutrinos.— IceCube is
the largest optical-Cherenkov neutrino detector. It con-
sists of strings of photomultipliers buried deep in the clear
Antarctic ice, instrumenting a volume of about 1 km3.
Above TeV, CC interactions of νe and ντ with nucleons
in the ice, and NC interactions of all flavors, create local-
ized particle showers, with roughly spherical Cherenkov-
light profiles centered on the interaction vertex. CC
interactions of νµ additionally create muons that make
elongated tracks of Cherenkov light, several kilometers
long and easily identifiable. (Other, flavor-specific signa-
tures require energies higher than in our analysis [66–74].)
From the amount of collected light in a detected event,
and its spatial and temporal profiles, IceCube infers its
energy and arrival direction. But it cannot distinguish
neutrinos from anti-neutrinos, or NC from CC showers,
since they make similar light signals.
Using contained showers only.— Because cross
sections vary with neutrino energy, we use exclusively
a class of IceCube events where the incoming neutrino
energy can be inferred using as few assumptions as pos-
sible. These are “starting events”, where the neutrino
interaction was contained in the detector. Of these, we
use only showers, not tracks, due not to a fundamental
limitation, but to the IceCube data that is publicly avail-
able. Our approach differs from that of Ref. [7], which
used only through-going muons, born in neutrino inter-
actions outside the detector, for which estimation of the
neutrino energy requires making important assumptions.
We use the publicly available 6-year sample of IceCube
High Energy Starting Events (HESE) [26–29], consist-
ing of 58 contained showers with deposited energies Edep
from 18 TeV to 2 PeV. Below a few tens of TeV, about
half of the showers is due to atmospheric neutrinos and
half to astrophysical neutrinos [29]; above, showers from
astrophysical neutrinos dominate [75, 76].
Figure 2 shows the HESE showers distributed in Edep
and zenith angle θz. Representative uncertainties are
10% in Edep and 15
◦ in θz [77], which we adopt to de-
scribe the detector resolution. Showers are scarce above
200 TeV because the neutrino flux falls steeply with Eν .
In CC showers, the full neutrino energy is deposited
in the ice, i.e., Edep ≈ Eν , because both the outgoing
electron or tau and the final-state hadrons shower. In
NC showers, only a fraction y of the neutrino energy
is deposited in the ice, i.e., Edep = yEν , because only
final-state hadrons shower. Standard calculations yield
an average 〈y〉 = 0.35 at 10 TeV and 0.25 at 1 PeV
[55]. Because of this low value and because the neutrino
fluxes fall steeply with Eν , NC showers are nominally
sub-dominant at any value of Edep.
In starting tracks, the shower made by final-state
hadrons is contained by the detector, but the muon
track typically exits it. An assumption-free reconstruc-
tion of Eν requires knowing separately the energy of
the hadronic shower Esh and the muon energy loss rate
dEµ/dX, which is proportional to the muon energy Eµ
[77]. Yet, while these quantities are known internally
to the IceCube Collaboration, public data only pro-
vides, for each starting track, the total deposited energy,
Esh + |dEµ/dX|∆X, where ∆X is the track length in
the detector. Without additional information, in order
3to deduce Eν , we would need to assume values of y and
∆X for each event [78]. Hence, in keeping to our tenet of
using few assumptions to deduce Eν , we do not include
starting tracks in our analysis. This choice also reduces
the chance of erroneously using a track created by an
atmospheric muon, not a neutrino.
To use through-going muons in extracting the cross
section, IceCube [7] inferred the most likely parent neu-
trino energy from the measured muon energy [77] by as-
suming the inelasticity distribution dσνN/dy from Ref.
[59]. By using only contained showers, we forgo the need
to assume an inelasticity distribution, and remain more
sensitive to potential new physics that could modify it.
Sensitivity to the cross section.— Neutrino-
nucleon interactions make the Earth opaque to neutrinos
above 10 TeV, so neutrino fluxes are attenuated upon
reaching IceCube. More neutrinos reach it from above
— after crossing a few kilometers of ice — than from
below — after crossing up to the diameter of the Earth.
A flux of incoming neutrinos with energy Eν and
zenith angle θz is attenuated by a factor e
−τνN (Eν ,θz) ≡
exp [−D(θz)/LνN (Eν , θz)], where τνN is the opacity to
νN interactions, D is the distance from the point of en-
try into Earth to IceCube, and LνN = mN/[(σ
CC
νN (Eν) +
σNCνN (Eν))〈ρ⊕(θz)〉] is the neutrino interaction length.
Here, σCCνN and σ
NC
νN are, respectively, the CC and
NC cross sections, mN is the average nucleon mass in
isoscalar matter, and 〈ρ⊕〉 is the average matter density
along this direction, calculated using the density profile
from the Preliminary Reference Earth Model [55, 79].
Details are in the Supplemental Material, which includes
Refs. [80–93]. Attenuation grows with the cross sections
— which grow with Eν — and with D; both effects are
evident in the background shading in Fig. 2.
Within an energy interval, the number of events in-
duced by a neutrino flux Φν is Nsh ∝ Φν · e−τνN · σνN .
Downgoing showers (cos θz > 0) — unaffected by atten-
uation — fix the product Φν · σνN , while upgoing show-
ers (cos θz < 0) — affected by attenuation — break the
degeneracy between Φν and σνN via e
−τνN , providing
sensitivity to the cross sections.
Extracting cross sections.— We propagate atmo-
spheric and astrophysical neutrinos through the Earth
and produce test samples of contained showers in Ice-
Cube, taking into account its energy and angular reso-
lution; see the Supplemental Material. To extract the
cross sections, we compare the distributions in Edep and
cos θz of the test showers — generated with varying val-
ues of the cross sections — to the distribution observed
by IceCube.
To probe the energy dependence of the cross sections,
we bin showers in Edep and extract the cross section from
data in each bin independently of the others. Except for
global assumptions on detector resolution and the choice
of atmospheric neutrino spectrum (see below), parame-
ters extracted in different bins are uncorrelated.
The first three bins contain comparable numbers of
showers: 18–50 TeV (17 showers), 50–100 TeV (18 show-
ers), and 100–400 TeV (20 showers). The final bin, 400–
2004 TeV, contains only 3 downgoing showers, between
1–2 PeV. Due to their short travel distances (D . 10
km) and negligible expected attenuation, in this bin we
only set a lower limit on the cross section. This stresses
the need for upgoing HESE events above 400 TeV.
For atmospheric neutrinos, we use the most recent cal-
culation of the νe, ν¯e, νµ, and ν¯µ fluxes from pion and
kaon decays from Ref. [94]. Their zenith-angle distribu-
tion at the South Pole, though anisotropic, is symmet-
ric around cos θz = 0, so it does not introduce spurious
directional asymmetries. We do not include a contribu-
tion from prompt atmospheric neutrinos [95–108], since
searches have failed to find evidence of them [26, 31–38].
We include the self-veto [109, 110] used by the HESE
analysis to reduce the atmospheric contribution.
For astrophysical neutrinos, we assume, independently
in each energy bin, an isotropic power-law energy spec-
trum Φν ∝ E−γν for all flavors of neutrinos and anti-
neutrinos, in agreement with theoretical expectations
[111] and IceCube findings [112]. The value of γ is ob-
tained from a fit to data in each bin. This makes our re-
sults robust against variations with energy of the spectral
shape of astrophysical neutrinos, unlike Ref. [7], which
assumed a single power law spanning the range 6.3–980
TeV. We assume flavor equipartition, as expected from
standard mixing [68, 78, 113–117] and in agreement with
data [36, 118]. Because IceCube cannot distinguish neu-
trinos from anti-neutrinos, we can only extract a combi-
nation of their cross sections, each weighed by its corre-
sponding flux. We assume the likely case [119, 120] of
equal fluxes, coming, e.g., from proton-proton interac-
tions [121].
Assumptions.— Because data is scant, to reduce the
number of free parameters to fit, we make three reason-
able assumptions inspired on standard high-energy pre-
dictions. With more data, they could be tested.
First, the rate of CC showers dominates over the rate of
NC showers at any value of Edep, based on the arguments
above. For simplicity, we adopt a constant 〈y〉 = 0.25 for
NC showers. This assumption allows us to express the
extracted cross section as a function of Eν ≈ Edep.
Second, CC cross sections dominate over NC cross sec-
tions. We assume σNCνN = σ
CC
νN/3 and σ
NC
ν¯N = σ
CC
ν¯N/3, fol-
lowing, e.g., Ref. [4]. This assumption allows us to fit
only for CC cross sections.
Third, the ratio of ν¯N to νN cross sections is fixed in
each bin. Hence, when fitting, σCCν¯N = 〈σCCν¯N/σCCνN 〉 · σCCνN ,
where 〈σCCν¯N/σCCνN 〉 is the average ratio in that bin pre-
dicted by Ref. [59] (see Table I). This assumption allows
us to fit only for νN cross sections.
Thus, within each energy bin, we independently vary
only the νN CC cross section σCCνN and three nuisance pa-
rameters — the number of showers due to atmospheric
neutrinos Natmsh , the number of showers due to astrophys-
ical neutrinos Nastsh , and the astrophysical spectral index
γ. To avoid introducing bias, we assume flat priors for
all of them. For each choice of values, we compare our
4TABLE I. Neutrino-nucleon charged-current inclusive cross
sections, averaged between neutrinos (σCCνN ) and anti-
neutrinos (σCCν¯N ), extracted from 6 years of IceCube HESE
showers. To obtain these results, we fixed σCCν¯N = 〈σCCν¯N/σCCνN 〉 ·
σCCνN — where 〈σCCν¯N/σCCνN 〉 is the average ratio of ν¯ to ν cross
sections calculated using the standard prediction from Ref.
[59] — and σNCνN = σ
CC
νN/3, σ
NC
ν¯N = σ
CC
ν¯N/3. Uncertainties are
1σ, statistical plus systematic, added in quadrature.
Eν [TeV] 〈Eν〉 [TeV] 〈σCCν¯N/σCCνN 〉 log10[ 12 (σCCνN + σCCν¯N )/cm2]
18–50 32 0.752 −34.35± 0.53
50–100 75 0.825 −33.80± 0.67
100–400 250 0.888 −33.84± 0.67
400–2004 1202 0.957 > −33.21 (1σ)
test shower spectrum to the HESE shower spectrum via a
likelihood. To find the best-fit values of the parameters,
we maximize the likelihood. The Supplemental Material
describes the statistical analysis in detail.
Results.— Table I shows the extracted cross section,
marginalized over the nuisance parameters. Because σνN
and σν¯N are not independent in the fit, we present their
average there and in Figs. 2 and 3.
Figure 3 shows that, in each bin, results agree within
1σ with widely used standard predictions. The IceCube
Collaboration has adopted the cross section from Cooper-
Sarkar et al. [59]. We include other calculations for com-
parison [4, 55, 56, 60, 62]. All predictions are consistent
with our measurements within errors.
Our results are consistent with the IceCube analysis
[7], which found a cross section compatible with Ref. [59].
Their smaller uncertainty is due to using ∼104 through-
going muons. However, by grouping all events in a single
energy bin, their analysis did not probe the energy de-
pendence of the cross section. Like that analysis, our re-
sults are also consistent with standard cross-section pre-
dictions, but in narrower energy intervals.
Because the number of showers in each bin is small,
statistical fluctuations weaken the interplay of downgo-
ing versus upgoing showers described above. To isolate
the dominant statistical uncertainty, we minimized again
the likelihood, this time keeping the nuisance parameters
fixed at their best-fit values (see Table II in the Supple-
mental Material). The resulting uncertainty, attributed
to statistics only, is 0.51, 0.63, and 0.62 in the first three
bins, where we have a measurement. The systematic un-
certainty, obtained by subtracting these values in quadra-
ture from the total uncertainties in Table I is 0.14, 0.23,
and 0.25 in each bin, slightly higher than in Ref. [7], due
to a less detailed modeling of the detector. While Ref.
[7] found comparable statistical and systematic uncer-
tainties, we are presently dominated by statistics, since
it uses an event sample that is smaller by a factor of
∼200.
Nevertheless, our results disfavor new-physics mod-
els where the cross section rises sharply below 1 PeV
[6, 44–51]. Figure 3 shows as example a model of TeV-
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FIG. 3. Neutrino-nucleon charged-current cross section, av-
eraged for neutrinos and anti-neutrinos, from different pre-
dictions (lines) [4, 56, 59, 60, 62], compared to measurements
from this work (stars). The low-energy global average [30] has
the linear dependence on Eν appropriate below ∼10 TeV. The
model of large extra dimensions, included for illustration, is
from Ref. [43] (quantum-gravity scale of 1 TeV and all partial
waves summed), corrected here to match modern standard
predictions of the cross section below 1 PeV.
scale gravity with large extra dimensions [43]. While this
model was disfavored by the LHC [122, 123], we provide
independent confirmation via a different channel. More
stringent tests of new-physics models, beyond the scope
of this letter, should also consider the effect of modifica-
tions to the inelasticity distribution.
Limitations and improvements.— IceCube is
sparsely instrumented and designed to detect the enor-
mous light imprints made by high-energy neutrinos. Ex-
cept for high-energy muons, it cannot track individual
particles or reconstruct Q2 and x, unlike densely instru-
mented detectors. Hence, we can only extract the cross
section as a function of energy, integrated over other
kinematic variables. While we cannot extract individual
PDFs, we can test their combination in the cross section.
Further, IceCube cannot distinguish if a particular
shower was made in a CC or an NC interaction, and
by a neutrino or an anti-neutrino. The differences are
too subtle to unequivocally identify them in individual
showers [124], but it might be possible to extract them
statistically from a large enough data sample [125].
Lastly, we assumed that the astrophysical neutrino flux
is isotropic [36, 126, 127]. Nevertheless, there are hints
of a Galactic contribution [36, 126, 128, 129], with data
5allowing < 14% of the all-sky flux to come from the
Galactic Plane [127]. If a Galactic flux is discovered,
future cross-section analyses will need to acknowledge its
anisotropy to avoid incorrectly attributing the distribu-
tion of arrival directions solely to in-Earth attenuation.
Summary and outlook.— We have extracted the
energy dependence of the neutrino-nucleon cross section
at energies beyond those available in man-made neutrino
beams, making use of the high-energy reach of IceCube.
Our results are compatible with predictions based on nu-
cleon structure extracted from scattering experiments at
lower energies and disfavor extreme deviations that could
stem from new physics in the TeV–PeV range.
It would be straightforward to repeat the present anal-
ysis using a larger HESE shower sample. The proposed
upgrade IceCube-Gen2 [130] could have an event rate 5–7
times higher, thus reducing the impact of random fluctu-
ations. These showers could be combined with showers
from the upcoming KM3NeT detector [131]; their im-
proved angular resolution of ∼2◦ above 50 TeV would
allow for better estimates of in-Earth attenuation. Start-
ing tracks can also be considered, as long as one does
not rely on predictions of the inelasticity distribution to
reconstruct the parent neutrino energy.
An interesting possibility is to measure the inelasticity
distribution [132]. This can be done using starting tracks
where the hadronic shower energy Esh and the outgoing
muon energy Eµ are known individually, in order to re-
construct the inelasticity y = (1 +Eµ/Esh)
−1 [133, 134].
At the EeV scale, differences between cross-section pre-
dictions increase. Measuring σνN at these energies would
probe x ∼ mW /Eν . 10−6, beyond the reach of labora-
tory scattering experiments. This would prove instru-
mental in testing not only new physics, but also predic-
tions of the potentially non-linear behavior of PDFs at
low x, such as from BFKL theory [135–138] and color-
glass condensates [139]; see, e.g., Ref. [63, 140, 141].
However, because the predicted neutrino flux at these
energies, while uncertain, is smaller than at PeV, preci-
sion measurements of the cross section will likely be lim-
ited by statistics; see Ref. [142] for details. Nevertheless,
large-volume neutrino detectors like ARA [143–145], AR-
IANNA [146, 147], GRAND [148], and POEMMA [149],
might differentiate [150] between predictions, provided
the event rate is high enough.
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Appendix A: Shower rates in IceCube
Below, ν stands for both neutrino and anti-neutrino, unless otherwise specified.
1. Neutrino-induced events
High-energy neutrinos deep-inelastic-scatter off nucleons in the Antarctic ice. Charged-current (CC) interactions
make charged leptons: νl + N → l + X (l = e, µ, τ), where N is either a neutron or a proton, and X are final-state
hadrons, mostly pions. Neutral-current (NC) interactions make neutrinos: νl+N → νl+X. Outgoing hadrons receive
a fraction y of the initial neutrino energy — known as the inelasticity — while outgoing leptons receive (1− y) of it.
Outgoing charged particles make Cherenkov light that is collected by IceCube photomultipliers buried in the ice.
The muon from a νµ CC interaction leaves a track of Cherenkov light several kilometers long that, if it crosses the
instrumented volume of IceCube, is typically clearly identifiable. Muon tracks also come from the decay of taus, made
by ντ CC interactions, into muons, which occurs 17% of the time.
All other final-state charged particles create particle showers localized around the interaction vertex. A shower from
final-state hadrons has a high neutron and pion content — a hadronic shower. In a NC interaction, this is the only
shower, since the final-state neutrino exits the detector. In a νe CC interaction, the electron creates an additional
shower that consists mainly of electrons, positrons, and photons, and has low hadronic content — an electromagnetic
shower. In a ντ CC interaction, the tau decay creates a hadronic shower 66% of the time and an electromagnetic
shower 17% of the time (the remaining 17% of the time, the tau decays to a muon, which creates track). IceCube
does not resolve individually the lepton- and hadron-initiated showers; they are detected as a superposition. Also, it
is unable to distinguish between neutrinos and anti-neutrinos based only on total energy deposition.
Shower detection in IceCube is calorimetric: if the shower starts well within the detector — like in HESE showers
— all of the shower energy is deposited in the ice, and most of it is collected by the photomultipliers. The relation
between the energy of the shower Esh and the energy of the incoming neutrino Eν depends on the flavor of the neutrino
and the type of the interaction. In a νe CC interaction, all of the neutrino energy is given to the electromagnetic and
hadronic showers. In a ντ CC interaction, about 30% of the tau energy is lost to neutrinos at decay, after averaging
over all decay channels. In a NC interaction, on average, the shower energy is only 〈y〉Eν , where 〈y〉 is the average
inelasticity. Around Eν = 1 PeV, 〈y〉 ≈ 0.25 for neutrinos and anti-neutrinos, and for CC and NC interactions [55].
In summary, the average fraction fl,t of neutrino energy carried by the shower in a νl or ν¯l interaction of type t (CC
or NC) is [89]
fl,t ≡ Esh
Eν
'

1 for l = e and t = CC
[〈y〉+ 0.7 (1− 〈y〉)] ' 0.8 for l = τ and t = CC
〈y〉 ' 0.25 for l = e, µ, τ and t = NC
. (A1)
(See also Ref. [88], where different decay modes of the tau are treated separately.) Since fl,NC is small, and since
the atmospheric and astrophysical neutrino fluxes fall steeply with energy (∝ E−γν ), the NC contribution to the total
shower rate is sub-dominant.
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2. Energy and angular spectrum of showers
In the main text, we established that sensitivity to the neutrino-nucleon cross section comes from the attenuation
of the neutrino flux as it propagates inside the Earth, which depends on neutrino energy and direction. Therefore, to
constrain the cross section, we need to compute the doubly differential spectrum — in energy and arrival direction
— of showers in IceCube. To do that, we extend the “theorist’s approach” from Refs. [76, 89] (see also Ref. [88]) to
account for the angular distribution:
d2Nsh
dEshd cos θz
=
d2NCCsh,e
dEshd cos θz
+ Brτ→sh
d2NCCsh,τ
dEshd cos θz
+
∑
l=e,µ,τ
d2NNCsh,l
dEshd cos θz
, (A2)
where θz is the zenith angle of the incoming neutrino (the normal to the South Pole is at θz = 0), Brτ→sh = 0.83 is
the branching ratio of tau decays that make a shower, and
d2NCCsh,l
dEshd cos θz
(Esh, cos θz) ' −2piρiceNAV T
{
Φl(Eν)σ
CC
νN (Eν)e
−τνN (Eν ,θz) (A3)
+ Φl¯(Eν)σ
CC
ν¯N (Eν)e
−τν¯N (Eν ,θz)
}∣∣∣
Eν=Esh/fl,CC
,
for showers initiated by CC interactions of a flux of νl (Φl) and ν¯l (Φl¯). On the right-hand side of Eq. (A3), the
neutrino energy is computed from the shower energy by means of Eq. (A1). The number of nucleon targets inside the
instrumented volume is ρiceNAV , with ρice ≈ 0.92 g cm−3 the density of ice, NA the Avogadro number, and V ≈ 1
km3 the volume of IceCube. The expression for showers from NC interactions, d2NNCsh,l/dEsh/d cos θz, is obtained from
Eq. (A3) by changing σCCνN → σNCνN , σCCν¯N → σNCν¯N , and fl,CC → fl,NC.
To calculate the attenuation factors e−τνN and e−τν¯N , consider an incoming flux of neutrinos with energy Eν and
zenith angle θz. Inside the Earth, which has approximate radius R⊕ = 6371 km, the neutrinos travel a distance
D(θz) =
√(
R2⊕ − 2R⊕d
)
cos2 θz + 2R⊕d− (R⊕ − d) cos θz (A4)
before reaching IceCube, which is buried at a depth d = 1.5 km. We compute the average Earth density 〈ρ⊕(θz)〉 =
(1/D(θz))
∫D(θz)
0
ρ⊕ (x) dx encountered by the neutrino using the density profile ρ⊕ from the Preliminary Reference
Earth Model (PREM) [55, 79]. (Variations between PREM and other Earth density models are at the level of 5%,
so they can be neglected given the size of the errors in our extracted cross sections.) To a good approximation,
Earth matter is isoscalar — composed of equal numbers of neutrons and protons — so the average nucleon mass is
mN = (mp +mn)/2. Thus, the νN interaction length (for any flavor) is
LνN (Eν , θz) =
mN
〈ρ⊕(θz)〉
(
1
σCCνN (Eν) + σ
NC
νN (Eν)
)
, (A5)
and, from this, the attenuation factor is
e−τνN (Eν ,θz) ≡ e−D(θz)/LνN (Eν ,θz) . (A6)
For anti-neutrinos, the interaction length and attenuation factor have identical expressions, with ν → ν¯.
Figure A1 shows the interaction length as a function of zenith angle, computed, for illustration, using the standard
prediction of the high-energy cross section from Ref. [59]. There, we have separated the NC and CC interactions
lengths, to illustrate the fact that the CC cross section is predicted to be ∼ 3 times higher than the NC cross section.
Figure A2 shows the corresponding attenuation factors. Close to the horizon, attenuation is small (e−τνN ≈ 1),
except at very high energies, while above the horizon, attenuation is negligible at all energies. Kinks on the curves
reflect transitions between layers of different density inside the Earth [79].
The authors of Refs. [78, 90] performed a more comprehensive calculation of attenuation, treating different flavors
of neutrinos and anti-neutrinos separately. Our results are compatible with theirs, except for the inclusion of charged-
current regenerations of ντ and neutral-current regeneration of all flavors, which we have ignored since they affect
the flux arriving at the detector only at the ∼10% level, which is unresolvable in the face of the large cross-section
uncertainties we find.
The contribution of atmospheric neutrinos to the HESE event rate is reduced by using the outer layer of PMTs
as a veto. When a contained event occurs, if the outer PMTs detect the passage of a muon that was made in
the same atmospheric interaction as the neutrino responsible for the contained event, then the event is tagged as
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FIG. A2. In-Earth attenuation factors for neutrinos (solid
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background. Since the atmospheric neutrino flux falls faster with energy than the astrophysical flux, the probability
that an atmospheric neutrino passes the veto falls with energy. We have calculated the passing probability following
Refs. [109, 110], and multiplied Eq. (A3) by it when calculating the rate of showers due to atmospheric neutrinos.
In our analysis, we have not considered the fact that ∼30% of IceCube contained tracks are mis-identified as showers
[118], either because they deposit too little energy or because they occur too close to the edges of the detector. In these
events, because the shower is due mainly to the final-state hadrons, the deposited energy is small, i.e., Edep ≈ yEν .
Hence, like NC showers, the contribution of mis-reconstructed muon tracks is sub-dominant. Therefore, they should
not significantly affect our ability to present the extracted cross sections as functions of Eν ≈ Edep.
At energies above 2 PeV — beyond those available in the 6-year HESE sample — we would need also to take into
account showers created by ν¯e triggering the Glashow resonance [66] on electrons (ν¯e + e→W ), and the subsequent
shower produced by the decay of the on-shellW . At these energies, the shower rate due to neutrino-nucleon interactions
is negligible, so any detection can be attributed to the Glashow resonance. Thus, its eventual detection would single
out the ν¯e flux and help break the degeneracy between neutrino and anti-neutrino cross sections.
3. Astrophysical and atmospheric neutrino spectra
For astrophysical neutrinos, we choose a power-law spectrum, in agreement with IceCube findings. We assume equal
proportions of each flavor in the flux, i.e., the flavor ratios are (fe,⊕ : fµ,⊕ : fτ,⊕) = ( 13 :
1
3 :
1
3 ), which is compatible
with IceCube results [36, 118] and with theoretical predictions of standard flavor mixing [68, 78, 113–117]. We also
assume equal proportion of neutrinos and anti-neutrinos in the flux, which is expected from neutrino production in
proton-proton interactions [121] and, at high energies, in proton-photon interactions [81, 83]. The spectrum of νl is
Φastl (Eν) = Φν,0
(
Eν
100 TeV
)−γ
, (A7)
where Φν,0 is the normalization per flavor of neutrino or anti-neutrino (in units of GeV
−1 cm−2 s−1 sr−1) and γ is the
spectral index, common to all flavors, and to neutrinos and anti-neutrinos. Equation (A7) also describes the spectrum
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of ν¯l. Our analysis (Appendix B) finds values of Φν,0 (implicitly) and γ inside each energy via a fit to IceCube data.
For conventional atmospheric neutrinos, created in the decays of pions and kaons, we use the recent calculation of
νe, ν¯e, νµ, and ν¯µ fluxes by Honda et al. from Ref. [94].
We do not include prompt atmospheric neutrinos [95–101, 103–108] in our analysis because recent searches have
repeatedly failed to find them [26, 31–38]. However, in a full analysis of cross sections performed by the IceCube
Collaboration, using more HESE data, the normalization of the prompt neutrino flux could be left as an additional
free parameter to be determined by a fit, like it was done in Ref. [7].
In our calculations, we convert declination and right ascension to zenith angle using the astropy package [86].
Since the Earth density profile model that we use is spherically symmetric [55, 79], the single zenith angle coordinate
is sufficient to calculate the neutrino attenuation inside the Earth.
4. Energy and angular resolution of the detector
To compare our predicted shower spectra with the spectrum of observed HESE showers, we need to account for
the energy resolution and angular resolution of the detector. We do that by convolving the true spectrum, Eq. (A2),
with two functions that parametrize the detector resolution, i.e.,
d2Nsh
dEdepd cos θz
=
∫
dEsh
∫
d cos θ′z
d2Nsh
dEshd cos θ′z
RE(Esh, Edep, σE(Esh))Rθ(cos θ
′
z, cos θz, σcos θz ) , (A8)
where the energy resolution function RE and the angular resolution function Rθ are Gaussians centered around the
true values Esh and cos θ
′
z, respectively.
For the energy resolution function, we adopt [78, 89, 117]
RE(Esh, Edep, σE(Esh)) =
1√
2piσ2E(Esh)
exp
[
− (Esh − Edep)
2
2σ2E(Esh)
]
, (A9)
with σE(Esh) = 0.1Esh, consistent with the value reported by IceCube [77].
For the angular resolution function of showers, there is no conventional parametrization, to the best of our knowledge.
We adopt a resolution function in cosine of the zenith angle, i.e.,
Rθ(cos θ
′
z, cos θz, σcos θz ) =
1√
2piσ2cos θz
exp
[
− (cos θ
′
z − cos θz)2
2σ2cos θz
]
. (A10)
The dispersion σcos θz is calculated, for a given value of θz = arccos(cos θz), as the average between the upward and
downward fluctuation in the cosine, i.e.,
σcos θz ≡
1
2
[|cos(θz + σθz )− cos θz|+ |cos(θz − σθz )− cos θz|] , (A11)
where we choose a representative value of σθz = 15
◦ for the dispersion of the angle itself. In reality, σθz is a function
of deposited shower energy, with the resolution deteriorating towards low energies, as illustrated in Fig. 14 of Ref.
[77]. Our simplified choice captures the mean angular resolution of HESE showers without attempting to extract a
proper resolution function from the aforementioned figure.
5. Lower-energy IceCube contained events
We avoid using lower-energy contained events — Medium Energy Starting Events (MESE) [34, 91], down to Edep ≈
1 TeV — due to the difficulty of correctly modeling how light absorption and scattering by ice distort the angular
acceptance of IceCube [84, 92]. For HESE, these effects are mitigated due to their higher light yield (see, e.g., Fig. 3
in Ref. [93]), so we ignore them here without introducing large errors.
Appendix B: Statistical analysis
To extract the neutrino-nucleon cross section, we compare our test shower spectra (see Appendix A) with the
observed spectrum of IceCube HESE [26–29] showers. We bin showers in Edep — which, for showers, approximates
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TABLE II. Best-fit values and 1σ uncertainties of the nuisance parameters in each energy bin: number of showers due to
atmospheric neutrinos Natmsh , number of showers due to astrophysical neutrinos N
ast
sh , and astrophysical spectral index γ.
Eν [TeV] N
atm
sh N
ast
sh γ
18–50 4.2± 4.9 11.4± 3.5 2.38± 0.31
50–100 6.3± 5.3 11.7± 4.5 2.43± 0.31
100–400 6.4± 6.0 12.9± 5.2 2.49± 0.31
400–2004 1.2± 1.0 1.73± 0.89 2.37± 0.32
Eν (since NC showers are sub-dominant; see Appendix A). Because of limited data, we use only four bins: 18–50
TeV, 50–100 TeV, 100–400 TeV, and 400–2004 TeV. The first three bins contain roughly the same number of events
each (17–20), while the final bin contains only 3 events; Table I contains the event numbers. We perform a fit to
shower data in each bin independently, as described below, employing a maximum likelihood method modeled after
Refs. [78, 117].
In a bin containing Nobssh observed showers, the likelihood is
L = e
−(Natmsh +Nastsh )
Nobssh !
Nobssh∏
i=1
Li , (B1)
where Natmsh is the number of showers due to atmospheric neutrinos and N
ast
sh is the number of showers due to
astrophysical neutrinos. The partial likelihood Li of the i-th shower in this bin captures the relative probability of
the shower being from an atmospheric or an astrophysical neutrino. It is computed as
Li = Natmsh Patmi +Nastsh Pasti , (B2)
where Patmi and Pasti are, respectively, the probability distribution for this shower to be generated by the atmospheric
neutrino flux and by the astrophysical neutrino flux. These are calculated as
Patmi =
(∫ Emaxdep
Emindep
dEdep
∫ 1
−1
d cos θz
d2Natmsh
dEdepd cos θz
)−1(
d2Natmsh
dEdepd cos θz
∣∣∣∣
Edep,i,cos θz,i
)
, (B3)
Pasti =
(∫ Emaxdep
Emindep
dEdep
∫ 1
−1
d cos θz
d2Nastsh
dEdepd cos θz
)−1(
d2Nastsh
dEdepd cos θz
∣∣∣∣
Edep,i,cos θz,i
)
, (B4)
where Emindep and E
max
dep are the boundaries of the energy bin. The double integrals represent the number of events
in the energy bin, summed over all arrival directions. The shower spectra d2Nsh/dEdep/d cos θz for atmospheric and
astrophysical neutrinos are computed in Appendix A. Equations (B3) and (B4) depend on the four cross sections
σCCνN , σ
CC
ν¯N , σ
NC
νN , and σ
NC
ν¯N . We assume the cross sections to be constant within each bin. Equation (B4) depends also
on the astrophysical spectral index γ.
The full likelihood for one energy bin, Eq. (B1), is a function of 7 free parameters: Natmsh , N
ast
sh , σ
CC
νN , σ
CC
ν¯N , σ
NC
νN ,
σNCν¯N , and γ. However, the three simplifying assumptions introduced in the main text reduce the number of free
parameters to 4: σCCνN , N
atm
sh , N
ast
sh , γ. The latter three are treated as nuisance parameters.
In each energy bin, we independently vary and fit for the four free parameters. We choose a flat prior for all of the
parameters. To find the maximum of the likelihood, we use MultiNest, an efficient implementation of the multinodal
nested sampling algorithm [80, 82, 85], via the Python module PyMultiNest [87]. The fitting procedure returns, in
each bin, the best-fit value and uncertainty of σCCνN . From this, we calculate σ
CC
ν¯N = 〈σCCν¯N/σCCνN 〉 · σCCνN ; the values of
〈σCCν¯N/σCCνN 〉 are in Table I. Because, in our analysis, the νN and ν¯N cross sections are not independent, we present the
average between them, (σCCνN + σ
CC
ν¯N )/2. Table I, in the main text, shows the results, marginalized over the nuisance
parameters.
Table II shows, for completeness, the resulting values of the nuisance parameters after fitting. In the main text,
they are used to isolate the statistical and systematic uncertainties.
